anisms underlying this specificity have not been clear. Our findings indicate that tumstatin is a potent angiogenesis inhibitor because it specifically inhibits protein synthesis in vascular endothelial cells in a ␣V␤3 integrin-dependent manner, leading to endothelial cell-specific apoptosis.
Mediation of Hippocampal
Mossy Fiber Long-Term Potentiation by Presynaptic I h Channels Jack Mellor, Roger A. Nicoll,* Dietmar Schmitz
Hippocampal mossy fiber long-term potentiation (LTP) is expressed presynaptically, but the exact mechanisms remain unknown. Here, we demonstrate the involvement of the hyperpolarization-activated cation channel (I h ) in the expression of mossy fiber LTP. Established LTP was blocked and reversed by I h channel antagonists. Whole-cell recording from granule cells revealed that repetitive stimulation causes a calcium-and I h -dependent long-lasting depolarization mediated by protein kinase A. Depolarization at the terminals would be expected to enhance transmitter release, whereas somatic depolarization would enhance the responsiveness of granule cells to afferent input. Thus, I h channels play an important role in the long-lasting control of transmitter release and neuronal excitability.
A remarkable property of many excitatory synapses in the central nervous system is their ability to undergo activity-dependent, long-lasting increases in synaptic strength, referred to as LTP, a process that may underlie certain forms of memory. In most cases LTP requires the activation of postsynaptic N-methyl-D-aspartate (NMDA) receptors (1, 2) . However, LTP at hippocampal mossy fiber synapses is independent of NMDA receptor activation (3, 4) and is proposed to be initiated by a rise in presynaptic calcium (4 -6) [but see (7) ], which results in a persistent increase in the probability of transmitter release (8, 9) . The mechanism involved in the persistent increase in evoked release is not clear, but considerable evidence supports a role for adenosine 3Ј,5Ј-monophosphate (cAMP) (10 -13) . In addition, genetic deletion of the synaptic vesicle-associated proteins Rab3A or RIM (which binds to Rab3A) also abolishes mossy fiber LTP (14, 15) . Recent results have shown that the presynaptic facilitation of synaptic transmission at the crustacean neuromuscular junction by cAMP involves I h channels (16) . Because cAMP is proposed to play a role in mossy fiber LTP, we examined a possible role for I h in this form of plasticity.
Throughout this study we used the specific I h channel blocker ZD7288 to examine the role of I h (17) . We compared the magnitude of mossy fiber LTP in control slices to that obtained in slices incubated in 1 M ZD7288 (18) . Tetanization of the mossy fibers in ZD7288 caused a transient posttetanic potentiation that decayed over a 10-min period toward control values (110 Ϯ 11%, 25 to 30 min, n ϭ 6). In contrast, in control slices tetanization caused a 192 Ϯ 7% (n ϭ 9) potentiation (Fig. 1A) . Elevating cAMP causes a large enhancement in mossy fiber synaptic transmission that occludes LTP (10, 11) . In the present experiments, the adenylyl cyclase activator forskolin (50 M, 5 min) caused a large enhancement in control conditions (275 Ϯ 36%, 25 to 30 min, n ϭ 14). This enhancement was strongly reduced by prior incubation of the slices in ZD7288 (135 Ϯ 9%, n ϭ 6) (Fig. 1B) .
Blockade of both LTP and the cAMPmediated enhancement by ZD7288 suggests that I h channels are involved downstream of both tetanus and cAMP elevation and could perhaps be important for the maintenance of synaptic enhancement. ZD7288 was thus applied after the tetanus or application of forskolin. Because of the slow onset of action of 1 M ZD7288, we increased the concentration to 50 M (19). We performed three types of interleaved experiments: ZD7288 alone, LTP alone, and ZD7288 applied after the induction of LTP. These three sets of experiments are superimposed in Fig. 2A . ZD7288 reversed LTP over a period of 20 to 30 min. The decrease in paired pulse facilitation associated with LTP was also reversed (control, 81 Ϯ 4%; ZD7288, 104 Ϯ 6%). To confirm that ZD7288 reverses established LTP, we made recordings from two independent mossy fiber inputs so that we could simultaneously record the effects of ZD7288 on baseline responses and LTP (Fig. 2B) . Again, ZD7288 completely reversed LTP. The forsDepartments of Cellular and Molecular Pharmacology and Physiology, University of California, San Francisco, CA 94143, USA.
*To whom correspondence should be addressed. Email: nicoll@phy.ucsf.edu kolin-induced enhancement was also reversed when ZD7288 was applied after the enhancement had developed (Fig. 2C) .
ZD7288 is a specific blocker of I h channels, with no reported nonspecific effects at concentrations in excess of 50 M (17). Nonetheless, we considered other agents that are reported to block I h . Extracellular Cs ϩ (1 mM) blocks I h , but this concentration also blocks inward rectifier potassium channels and produced an enhancement in mossy fiber transmission (20) . We thus used another organic I h channel blocker, DK-AH269, which acts in a mechanistically distinct but less specific manner with respect to ZD7288 (17, 21, 22) . Application of DK-AH269 (100 M) caused a similar reversal of LTP (Fig. 2D) , thus confirming that ZD7288 is acting specifically on I h channels.
How might I h exert its presynaptic effects? In many cells I h contributes to the resting membrane potential and a rise in cAMP enhances I h , resulting in a depolarization (21) . We have previously shown that modest depolarization of mossy fibers by application of potassium enhances synaptic transmission (23) and that this is associated with a decrease in the fiber volley latency (the latency between the stimulus artifact and the midpoint of the fiber volley) (24, 25) . We therefore examined the fiber volley latency during LTP and the application of forskolin. During the tetanus and immediately afterward there is an increase in the latency, which then switches into a long-lasting decrease; this persistent decrease in latency is blocked by ZD7288 (Fig. 3A) . Forskolin, but not the inactive analog dideoxyforskolin, also caused a ZD7288-sensitive decrease in fiber volley latency (92 Ϯ 21 s, n ϭ 10) (Fig. 3B) , and this effect was largely blocked by the protein kinase A (PKA) inhibitor H-89 (10 M) (increase of 21 Ϯ 14 s, n ϭ 4, P Ͻ 0.05). A reduction in fiber volley latency of similar magnitude was caused by the addition of 4 mM potassium (Fig. 3C ). These findings are consistent with a scenario where a presynaptic rise in calcium activates the calcium/calmodulin-sensitive adenylyl cyclase I (AC I), which (via cAMP) enhances I h , resulting in a depolarization of the mossy fiber and enhanced release of glutamate.
To examine this model, we made recordings from dentate granule cells, which give rise to the mossy fibers and contain high levels of AC I (26 -28) . The granule cell body was also extremely sensitive to changes in potassium. Application of 4 mM potassium, which mimics the decrease in fiber volley latency associated with mossy fiber LTP and the action of forskolin (Fig. 3C) , causes a 10.7 Ϯ 1.0 mV (n ϭ 10) depolarization of the granule cell (Fig. 3 , D and E) and an increase in the granule cell somatic action potential half-width from 0.85 Ϯ 0.01 ms to 1.04 Ϯ 0.01 ms (n ϭ 4). This sensitivity to potassium is presumably related to the very negative resting membrane potential of granule cells [ϳ -84 mV, present study and (29)] relative to CA3 and CA1 pyramidal cells, and is similar to the membrane potential recorded from mossy fiber boutons (30) . CA3 pyramidal cells were much less sensitive to changes in potassium (Fig. 3E ).
Both CA3 and CA1 pyramidal cells express functional I h channels (31) , but expression data and electrophysiological recordings show relatively weak expression of I h channels in dentate granule cells (29, (31) (32) (33) . We therefore used perforated patch recording to test for the presence of I h currents in these cells. Hyperpolarizing steps from -50 mV produced time-dependent inward currents that were reduced by CsCl (1 mM) and ZD7288 (50 M) (Fig. 4A) . Subtraction of the current remaining after either CsCl or ZD7288 application from the control current revealed the slowly activating I h -mediated current (Fig. 4A ). Current-voltage plots revealed that I h begins to activate at ϳ -60 mV (34) . I h currents with similar characteristics have been found in the presynaptic terminals of cerebellar basket cells (35) .
Interestingly, firing action potentials in the granule cell at 25 Hz for 5 s with depolarizing current pulses increased the size of I h , as did the application of forskolin (Fig. 4 , B and C). The forskolin-induced I h enhancement was attenuated by preincubation of slices in H-89 (Fig. 4C ). This finding leads to a number of predictions concerning the activity-dependent control of the granule cell membrane potential. Repetitive activation of granule cells resulted in a long-lasting membrane depolarization, which was absent in the presence of ZD7288 (Fig. 5, A and B ). In contrast, an identical repetitive activation of CA3 pyramidal cells had no effect on the membrane potential (Fig. 5C) . Previous studies have shown that mossy fiber LTP is dependent on the presence of extracellular calcium (5) . Similarly, repetitive activation of granule cells in the absence of extracellular calcium failed to depolarize the cells, but introduction of calcium into the bathing solution restored the tetanus-induced depolarization (Fig. 5D) . Forskolin also caused a ZD7288-sensitive depolarization of granule cells (Fig. 5E) . The tetanus-induced depolarization not only required the presence of calcium, but also, similar to mossy fiber LTP (10, 11) , required PKA activation because it was strongly inhibited in the presence of the PKA inhibitor H-89 (Fig. 5F) . Likewise, the forskolin-induced depolarization was also inhibited by H-89 (Fig. 5G) .
cAMP directly modulates I h channels by shifting the voltage dependence of activation to depolarized potentials (21), but the degree of enhancement varies markedly depending on the I h channel subtype (36, 37) . It has also been reported that PKA can enhance I h (38) . Furthermore, inhibitors of PKA can, in some instances, block the cAMP-induced enhancement (38, 39) and phosphatase inhibitors can increase I h conductance (40) . Given that the effects that we observe develop slowly over a number of minutes, and given that the effect of forskolin on the fiber volley latency and the tetanus-induced depolarization of granule cells is strongly inhibited by the PKA inhibitor H-89, we favor the view that the membrane effects we observe are due primarily to the action of PKA on I h . The involvement of PKA in these effects is also consistent with the finding that PKA blockade (10, 11) or genetic deletion (13) inhibits mossy fiber LTP. Our results do not exclude a contribution of a direct action of cAMP on I h , nor do they exclude a contribution of the well-established direct actions of cAMP and PKA on the transmitter release machinery (41) (42) (43) . Finally, although we favor the idea that the action of I h on transmitter release results from membrane depolarization, we cannot exclude a more direct action of I h on transmitter release, as has been proposed at the crayfish neuromuscular junction (16, 44) . Previous data showing that mossy fiber LTP, but not cAMP-mediated enhancement, is blocked in Rab3A or RIM knockout mice (14, 15) implies that LTP and cAMP enhancement are not synonymous. However, the observation that ZD7288 blocks both LTP and cAMP-mediated enhancement suggests that both phenomena share a common expression locus: the I h channel. Such a conclusion is consistent with earlier results demonstrating the occlusion of LTP by forskolin and vice versa (10, 11) . Hence, Rab3A and RIM may be upstream of cAMP in the LTP induction pathway, whereas I h channels are downstream.
Our results on mossy fiber synapses and the granule cell soma lead to a simple model for the induction and expression of mossy fiber LTP. We propose that calcium entry into the presynaptic terminal (as well as the granule cell soma and dendrites) during repetitive stimulation activates the calcium-calmodulin-sensitive AC I. The rise in cAMP activates PKA, which enhances I h , resulting in a depolarization. We previously found that potassium-induced depolarization can enhance mossy fiber transmission (23) . This could occur by a mechanism in which the depolarization causes a broadening of the action potential by slowing spike repolarization. Indeed, such spike broadening was observed with our granule cell recordings (Fig. 5A) ; moreover, recordings from mossy fiber boutons show that evoked calcium entry and synaptic release are exquisitely sensitive to action potential width (30) . However, our results do not rule out a mechanism whereby the depolarization causes a tonic activation of voltage-dependent calcium channels (45) . It should also be mentioned that mossy fibers form synapses on a number of other cell types, none of which show the same form of LTP as that described here (46) . It will be interesting to determine why only certain synaptic release sites are sensitive to membrane potential changes.
Our granule cell recordings shed light on the possible mechanisms underlying mossy fiber LTP, but more provocatively, they also demonstrate an activity-dependent process that involves the soma/dendritic compartment of the cell as well as its terminal. Central to this global change in excitability is the finding that AC I appears to be distributed throughout the granule cell (26 -28) . As a result, granule cell activity not only causes a long-lasting increase in transmitter release, but also a long-lasting increase in the responsiveness of granule cells to afferent synaptic input. These findings have implications for the flow of information through the dentate gyrus and for models of epilepsy involving this area of the brain. (E) Forskolin also causes a long-term depolarization of granule cells (9.2 Ϯ 2.8 mV, n ϭ 7), which is blocked by prior incubation in ZD7288 (n ϭ 5). The specific PKA inhibitor H-89 (slices incubated in 10 M for at least 4 hours and maintained in H-89 during the experiment) reduces activitydependent (F) and forskolin-induced (G) long-term depolarization (n ϭ 7 and 9, respectively). Control data are the same as in (B) and (E). 18 25 Hz throughout the study. The group II metabotropic glutamate receptor agonist DCG-IV (1 to 2 M) was applied at the end of each experiment to verify that the signal was generated by mossy fiber synapses. Patch-clamp recordings from CA3 pyramidal and dentate granule cells were obtained with either the whole-cell or perforated patch configuration. Cells were visualized using Nomarski-type differential interference contrast imaging with infrared illumination. The pipette solution ( pH 7.4, 280 mOsm) contained 130 mM K-gluconate, 5 mM KCl, 10 mM Hepes, 1 mM MgCl 2 , and 0.3 mM Na 2 -adenosine triphosphate. For perforated patch recording, the tip was filled with a solution containing 120 mM KCl, 8 mM NaCl, 10 mM Hepes, 5 mM CaCl 2 , 3 mM MgCl 2 , and 5 mM QX-314Cl (RBI). The pipette was backfilled with this solution supplemented with amphotericin B (0.6 mg/ml). For perforated patch recordings, seals were attained in external solution that was nominally Ca-free. Borosilicate glass pipettes were pulled to tip resistances between 2 and 10 megohms. Access resistances were continuously monitored. Data were collected and analyzed using Igor Pro software. Synaptic responses were filtered at 2 to 20 kHz and digitized at 20 to 100 kHz. DK-AH269 was a gift from Boehringer Ingelheim. All measurements are given as means Ϯ SE. Statistical significance was tested with Student's t test. 19. ZD7288 (50 M) applied for 20 min caused a modest but consistent and stable reduction in synaptic transmission as measured by field potentials (ϳ30%). This effect appeared to be due to a presynaptic action, because (i) a similar reduction of ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-mediated excitatory postsynaptic currents was seen with whole-cell recording in which postsynaptic I h was blocked by intracellular application of QX-314Cl (64 Ϯ 9%, n ϭ 7), (ii) the NMDA-mediated excitatory postsynaptic currents were similarly depressed (55 Ϯ 14%, n ϭ 3), and (iii) ZD7288 caused a small but significant increase in paired pulse facilitation (118 Ϯ 5%, n ϭ 6, P Ͻ 0.05), which correlates with a decrease in presynaptic release. 20. CsCl (1 mM) produced a Ͼ300% increase in fEPSP amplitude (n ϭ 6). Once stability had been reached after ϳ60 min, tetanic stimulation or forskolin addition failed to further enhance the fEPSP (n ϭ 3 each). Given the direct effect of Cs on the fEPSP, presumably unrelated to I h , this blockade is difficult to interpret. 
